Abstract-The affinity of polar extractants (propylene carbonate, dimethylsulfoxide, dimethylformamide, triethylene glycol and dimethylacetamide) and benzene, toluene, p-xylene and m-xylene (so-called BTX fraction) for PIM-1 material was evaluated. The mass-transfer coefficients of selected solvents were determined in organic solvent nanofiltration process. All solvents showed a good affinity toward PIM-1 polymer; while the large values of sorption and PIM-1 swelling degree were in the case of benzene (1.63 g/g, 192%), toluene (1.72 g/g, 186%) and xylenes (1.61-1.76 g/g, 147-170%); while these values for selected polar solvents were in the range of 1.09-1.48 g/g and 83-108%, respectively. The values of sorption and swelling degree were successfully correlated with Hansen's solubility parameters. Values of permeability coefficients of nonpolar solvents through PIM-1 membranes were 1.5-5.5 times higher than those for polar solvents. With increasing affinity of the solvent toward polymer, the values of the permeability coefficients also increased.
INTRODUCTION
Aromatic hydrocarbons, first of all, BTX fraction (benzene-toluene-xylenes), relate to the most largescale products of organic and petrochemical synthesis, yielding to the scale of production only to unsaturated hydrocarbons. The BTX fraction is present in such large-scale processes as oil refining, production of paints, detergents, coke, etc. [1] [2] [3] [4] [5] . The production of BTX in the world has already exceeded 100 million tons per year (o-xylene about 48 million tons, p-xylene-more than 35 million tons, toluene-15 million tons) and may exceed 120 million tons by 2020. In Russia, the production capacity of benzene is about 1.2 million tons, production of toluene is 300 thousand tons, xylenes are little over 600 thousand tons. Almost 77% of benzene produced in Russia is obtained from the products of catalytic reforming of gasoline fractions and pyrolysis of hydrocarbon raw materials.
At the same time, aromatic hydrocarbons are highly toxic, carcinogenic and flammable, which makes their presence in some products undesirable [1, 6, 7] . Despite the fact that aromatic compounds increase the gasoline octane rating, there is a tendency in Russia and in the world to tighten the regulations on its content in fuel. Aromatics presence in fuel eventually leads to the disruption of the engine due to the carbon deposition. In the meantime, the products of catalytic cracking of straight-run gasoline contain from 30 to 60% of the BTX fraction.
The selective removal of the BTX fraction by conventional distillation process is impossible due to the formation of azeotropic mixtures, therefore the extraction methods are used to solve this problem [8] . Diethylene, triethylene, tetraethylene glycols, N-methylpyrrolidone, dimethylsulfoxide, sulfolane and some other solvents are used as selective extractants of aromatic compounds [8] [9] [10] . At the same time, the distillation process is associated with high energy costs (to get 1 ton of BTX, about 200 kWh of energy is required [9] ). In addition, high temperatures negatively affect on the lifetime of the extractants.
As an alternative to the distillation recovery of extractants, selective BTX removal by nanofiltration process, which has several advantages over distillation, can be used [11, 12] . As a prospective membrane material, polymers with high free volume fraction, in particular, the glassy polymer polybenzodioxane PIM-1 (acronym from the polymer of intrinsic microporosity) can be utilized [13] . Thus, it was shown ear-lier that for PIM-1 type membrane materials, the sorption selectivity of the solute plays a privotal role in the retention of these components of the mixture, allowing the neutral molecules of the bulky solute to be concentrated in the permeate during the nanofiltration of their solutions in polar solvents [14] . This polymer was also successfully utilized as an adsorbent for the selective removal of non-polar components from water-alcohol solutions [15, 16] . Due to its good mechanical and separation properties, the PIM-1 membrane material can be used for manufacturing of membranes for nanofiltration [17] , pervaporation [18, 19] and gas separation [20] . The present work is aimed to study the affinity of polar extractants and BTX components for PIM-1 material, as well as to determine the mass transfer coefficients of these solvents in the nanofiltration process.
EXPERIMENTAL
The polymer PIM-1 ( Fig. 1) , synthesized by the polycondensation reaction of 5,5',6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane with tetrafluoroterephthalonitrile according to the procedure described earlier, was utilized in this work [21] .
Reagents 5,5',6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane (TTSBI, 170.21 g/0.5 mole), tetrafluoroterephthalonitrile (TFTPN, 100.00 g/ 0.5 mole), anhydrous potassium carbonate (207.32 g/ 1.5 mole), N,N-dimethylacetamide (DMAc, 1000 mL) and 1,2-dichlorobenzene (500 mL) were placed in a dry 3000 mL multi-necked round bottom flask equipped with a Dean-Stark trap and a mechanical stirrer in a nitrogen atmosphere. The reaction mixture was kept until all the monomers were completely dissolved, further distilled under a reflux condenser for 38 minutes at temperatures up to 160°C and high shear rate. The maximum temperature (160°C) was reached after 20 minutes after the start of heating. The resulting viscous solution was then poured into methanol. For purification, the polymer sample was dissolved in chloroform and reprecipitated in methanol. To remove the residual solvent and salts, the polymer sample was boiled under reflux in deionized water for 16 h, then washed with acetone and methanol, and after that dried in a vacuum oven overnight. The obtained product was stirred with 1,4-dioxane and filtered to remove low molecular weight oligomers and cyclic products, then the product was filtered and washed with acetone and finally placed in methanol for 16 h, filtered and dried in a vacuum oven at 120°C for two days.
Dense PIM-1 membranes were prepared by casting of polymer solutions in chloroform (0.5 wt %) onto cellophane, followed by drying at room temperature. To relax the tangential stresses, the samples were kept in butanol, then placed in ethanol and then washed in water-ethanol solutions with a gradually decreasing concentration of alcohol according to the procedure previously described for PIM-1 membranes in [22] .
Filtration experiments were carried out in deadend filtration cells at 30 bar pressure and room temperature. To study the separation properties, PIM-1 films with a thickness of 20-30 μm were used. Right before use, the films were washed for 72 hours in toluene, and then they were placed in an appropriate solvent. The active membrane area in cells was 3.3 × 10 -3 m 2 . To minimize the effect of concentration polarization, the cells were equipped with suspended stir bars and magnetic mixer to provide efficient agitation of the liquid directly close to the surface of the membrane. The volume of the initial solution was 800 mL. The permeate flux was determined by the weight method.
The solvents used in the research can be divided into 2 groups: non-polar components of BTX fraction and polar extractants, for which the Hansen solubility parameter associated with the polarity lies in the range 10-18 MPa 1/2 [23] . In addition, all BTX components have a surface tension of slightly less than 29 mN/m, while for the extractants under study this parameter is usually greater than 36 mN/m.
To measure the permeate flux, a liquid receiver was placed at the outlet of the cell, designed so as to minimize the evaporation of the liquid. The transmembrane flux (J) was calculated using: (1) where m is the mass of permeate (kg) that passed through the membrane with area S (m 2 ) per time Δt (h). The permeability coefficients of the solvents (P) through PIM-1 membranes were determined as the ratio of transmembrane flux (J) to the applied transmembrane pressure (Δp) normalized to the membrane thickness (l): (2) To determine the sorption values, samples of PIM-1 films of 100 μm thickness were preliminarily weighted and then placed into the test solution for a week. Soaking of the film was carried out in a sealed container in order to exclude the effect of evaporation of the solvent on the obtained sorption values. After that, the mem- brane was removed from the solution, an excess of liquid was removed from its surface with filter paper, and the weight of the sample was determined. The calculation of the sorption values was carried out according to the following equation:
where m is the mass after soaking in the test solution, m 0 is the mass of the initial sample.
In parallel with the sorption, the swelling degree of the polymer (S D ) was determined. For this purpose, the dimensions (d 10 , d 20 ) and the thickness (l 0 ) of the initial samples were measured. After soaking in the solvent, the dimensions and thickness of the sample were measured repeatedly. The swelling degree was calculated as follows: (4) 3. RESULTS AND DISCUSSION In this study, the sample of PIM-1 material was synthesized (The University of Manchester). Its chemical structure was proved by 1 H NMR spectroscopy using Bruker 400 MHz spectrometer (the polymer sample was dissolved in deuterated chloroform with 99.8% of D atoms). According to the Gel Permeation Chromatography data (instrument Viscotek GPC max VE 2001 with two PL mixed B columns and Triple Detection Array Viscotek TDA 302), the polymer product has the following properties: M w = 127000 g/mole, M n = 63000 g/mole, M w /M n = 2.0.
Unlike the pervaporation process, which involves solvent evaporation through the membrane, liquid filtration, including nanofiltration, is classified as a baromembrane process, the driving force of which is pressure. Phase transition of the liquid mixture does not take place in the nanofiltration process. Thus, it 
should be expected, that the liquid transport would be achieved through the system of interconnected free volume elements, the dimensions of which are comparable or exceed the size of the solvent molecules. As shown previously [22] , the values of permeability coefficients correlate to the fractional free volume accessible for the molecules of the given solvent (FAV). Moreover, the solvent transport through the swollen polymer matrix of PIM-1 is determined not only by the pre-existing free volume elements, but also by the additional free volume fraction, that result from the polymer swelling.
In this work, a number of polar industrial extractants were selected: propylene carbonate (PC), dimethylsulfoxide (DMSO), dimethylformamide (DMFA), triethylene glycol (TEG) and dimethylacetamide (DMAA). Components of the BTX fraction, specifically toluene, p-xylene, m-xylene, and benzene, have also been investigated. As shown in Table 1 , all studied solvents demonstrated a good affinity for the PIM-1 polymer. In so doing, the larger values of sorption and swelling degree of PIM-1 were obtained for benzene, toluene and xylenes in comparison with polar solvents.
To interpret the results obtained, the literature data on Hansen solubility parameters were involved, including the contributions of three parameters: hydrogen bonds, dispersion and polar components [23] . To estimate Hansen's solubility parameter and its components for PIM-1, the approach based on averaging out the analogous parameters for a number of "good" solvents for PIM-1 was used [23] . Dichloromethane, chloroform, chlorobenzene, and tetrahydrofuran were selected as PIM-1 "good" solvents [17] . It should be noted that the obtained solubility parameter value for PIM-1 (19 MPa 1/2 ) correlates well with the literature data (19.5 МPа 1/2 ) [24] . As shown in the ternary diagram (see Fig. 2 ), the selected polar and non-polar solvents can be divided into two groups in accordance with the relevant contributions to the Hansen solubility parameters. In particular, the posi- tion of PIM-1 polymer in the diagram is closer to the BTX non-polar solvents region, for which the solubility parameter is mainly determined by the dispersion component.
To estimate the polymer-solvent interaction, a distance parameter Ra, that takes into account the difference between relevant contributions to Hansen parameter for the polymer and the solvent, can be used and calculated according to the following formula [23] : (5) where δ D is the dispersion forces contribution, δ P -the dipolar intermolecular forces contribution, δ H -the hydrogen bonds contribution. For "good" solvents that dissolve PIM-1 (dichloromethane, chloroform,
chlorobenzene, and tetrahydrofuran), the Ra parameter does not exceed 3. , while for the polar solvents it varies from 9.3 to 17.3 MPa 1/2 , acknowledging their lower affinity for the PIM-1 material. Indeed, the Ra parameter correlates well with the experimental data on sorption/swelling degree of PIM-1 for a wide range of organic solvents, which in turn also characterize the polymer-solvent interaction (see Fig. 3) .
It was previously shown that the transport of organic solvents through a high free volume glassy polymer PTMSP could be described using an extended solution-diffusion model [25] . Indeed, as shown in Table 1 , the permeability coefficients of non-polar BTX solvents through PIM-1-based membranes are 1.5-5.5 times higher than those of the polar extractants. Herewith, as the solvent affinity for the polymer increases (the swelling degree), the permeability coefficient increases as well. At the same time, as a result of a large fraction of the liquid in the polymer matrix, the transport of the solvent through the membrane can be interpreted in terms of pore flow model (the inverse relationship of the permeability coefficient to the solvent viscosity). As an outcome, comparison of the permeability coefficients of various solvents with the physicochemical parameters of the system showed that the solvent transport through the PIM-1 membrane correlates simultaneously with the polymer swelling degree and the inverse solvent viscosity (see Fig. 4 ). It is worth noting that the given result is much in line with previously obtained data for the permeation of water-ethanol mixtures through PIM-1 membranes [22] .
Summarizing the data on the permeation of individual solvents through PIM-1 membranes, one can assume that the most optimal extractants in terms of the subsequent separation efficiency are triethylene glycol and dimethyl sulfoxide, that demonstrate the lowest permeability coefficients 0.6 × 10 -6 and 0.7 × Further increase of the separation selectivity can be achieved by cross-linking of the PIM-1 material [16] , which can reduce the polymer swelling degree in solvents and, due to significant difference in the viscosities of triethylene glycol and dimethylsulfoxide (47.8 and 2.0 mPa s) on one hand and BTX (0.56-0.61 mPa s) on the other hand, disproportionally reduce transport of polar and non-polar solvents.
CONCLUSION
The interaction of the prospective membrane material PIM-1 with a number of non-polar solvents of the BTX fraction (benzene, toluene, and xylenes) as well as with polar solvents, which are selective BTX fraction extractants from various petroleum fractions was studied. The values of sorption and swelling degree were successfully correlated with Hansen solubility parameter. It has been demonstrated that nonpolar BTX fraction solvents have a higher affinity for the PIM-1 polymer than polar extractants. The permeability coefficients of non-polar solvents through PIM-1 membranes are 1.5-5.5 times higher than those of polar extractants. It has been suggested that triethylene glycol and dimethylsulfoxide are the most optimal extractants in terms of subsequent separation efficiency. The expected selectivity of nanofiltration separation may vary from 3.7 to 5.7. 
